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Abstract — In this letter, we consider a joint macro-relay net- 
work with densely deployed relay stations (RSs) and dynamically 
varied traffic load measured by the number of users. An energy- 
efficient strategy is proposed by intelligently adjusting the RS 
working modes (active or sleeping) according to the traffic 
variation. Explicit expressions related to the network energy 
efficiency are derived based on stochastic geometry theory. Sim- 
ulation results demonstrate that the derived analytic results are 
reasonable and the proposed strategy can significantly improve 
the network energy efficiency. 

Index Terms — Energy efficiency, relay sleep, macro-relay net- 
works, stochastic geometry, traffic-aware. 



I. Introduction 

The coexistence of relays and conventional macrocells 
namely joint macro-relay network is proposed as a promis- 
ing network deployment to provide coverage extension and 
throughput enhancement, while significantly lowering the 
network energy consumption 01. Nevertheless, the existing 
network planning and operation still has great space to be 
improved on energy efficiency (EE) if the traffic load fluctua- 
tion is considered. The traditional cellular networks, especially 
densely deployed ones, are mostly designed to keep the 
transmit power always on in order to provide cell coverage 
and quality of service (QoS) guarantee ignoring the traffic 
dynamics. As a result, during low traffic periods such as nights 
or holidays, or in some sparse spots, many relay stations (RSs) 
are underutilized but still active, which leads to substantial 
circuit power consumption |2]. Therefore, if we can trace the 
traffic variation and intelligently adjust the RS working modes 
(active or sleeping), a great amount of energy could be saved, 
which is the focus of our work. 

Early studies on energy efficient sleep control mainly focus 
on base stations (BSs). For relays, only [3] investigates the 
joint RS placement and RS sleep behavior to minimize the to- 
tal power consumption of a one-dimensional cellular network. 
Unlike the previous works, in this letter, we consider a joint 
macro-relay network with densely deployed RSs and dynami- 
cally varied traffic load. An efficient RS energy saving strategy 
is proposed by switching some RSs into sleeping mode when 
the traffic load is lower than a predefined threshold. Different 

The authors are with the Department of Electronic Engineering and In- 
formation Science (EEIS), University of Science and Technology of China 
(USTC), Hefei, PRC, 230026 (e-mail:ndeng@mail. ustc.edu.cn, {zhaoming, 
shzhang, wyzhou}@ustc. edu.cn). 

This work was supported by National programs for High Technology 
Research and Development (SS2012AA01 1702), NSFC (61172088), and 
partially supported by CMCC T-Ring Project 2011. 



from BS sleeping, it is unnecessary to cooperate with neigh- 
boring BSs and consider their load conditions before each RS 
makes its mode switching decision, because the resident user 
equipments (UEs) in the coverage of the sleeping RSs are 
still served by the original BS rather than the neighboring 
BSs. Thus, switching off the RSs just turns the cooperative 
UEs (CO-UEs, served by RSs) into non-cooperative UEs 
(NC-UEs, served by BSs). Furthermore, instead of relying 
on system-level simulations only, we establish an analytical 
model based on the two-scale approximation proposed in 
for evaluating the energy savings brought from the proposed 
strategy using stochastic geometry theory. By such a two-scale 
approximation, the coverage area of a RS can only be within 
a unique Voronoi-cell (Isll of a BS, i.e., the UE covered by a 
RS is also in the coverage of the corresponding macro-BS, 
which guarantees the radio coverage and service quality after 
mode switching. Subsequently, explicit expressions related to 
the network EE are derived. To the best of our knowledge, 
there is no literature discussing about traffic-aware RS sleep 
control and presenting the corresponding theoretical analysis 
on network EE. In addition, the comparison between the 
RSs being always active and the RSs with intelligent mode 
switching is carried out to demonstrate the EE gain of the 
proposed strategy. 

II. Network Model 

Consider the downlink of a joint macro-relay network, 
where BSs and RSs are modeled as two homogeneous Poisson 
point processes (HPPPs) $r with density Ab, A^, respec- 
tively. Each RS has a circular coverage with radius R. The 
CO-UEs are distributed according to a HPPP with density 
\in in each circular area, and the NC-UEs are distributed in 
the whole network according to another HPPP with density 
\out- All the HPPPs are mutually independent. The two-scale 
approximation in |j4j] is adopted, where a CO-UE can only be 
covered by a unique RS, and the coverage area of a RS can 
only be within a unique Voronoi-cell of a BS. 

We assume that each NC-UE (or RS) is served by its 
closest base station and each CO-UE is served through the RS 
covering it. The BS-to-RS link is modeled as a microwave link, 
which can suppress interference and simplify the subchannel 
allocation. The transmit power is Pb for all BSs and Pf? 
for all RSs. For simplicity, we adopt a standard pathloss 
propagation model with pathloss exponent a > 2. Regarding 
fading, we assume that all links experience Rayleigh fading 
with parameter ji (denoted by h for signal link and g. for 
interference hnks). For all receivers the noise power is a^. 
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A. Proposed RS Sleeping Strategy 

Each RS has two working modes, i.e., active and sleeping. 
Which mode a RS should be in depends on the current 
traffic load measured by the number of UEs in the RS's 
coverage (denoted by Uin, Uin ^ Poisson{Xi„TTR^)). If Uin 
exceeds the predefined threshold Uth, the RS will be activated. 
Otherwise, the RS will be turned to sleeping mode and its 
serving BS will serve the UEs in its coverage. Note that Uth is 
a key factor affecting the network EE in the proposed strategy, 
and how to value it to achieve the optimal EE of a given 
network is investigated in Section |IV] The probability of RS 
working in the active mode is obtained as 



i=0 



:l-—r{Uth + l,KnnR^) 



(1) 



Then the active and sleeping RS density can be represented 

by Ar„ —XrPon and Ar, = Ar(l — Pon), respectively. 

B. Distribution of UEs 

Let Uc be the number of CO-UEs covered by an active RSs, 
and its distribution is 



P{U,^l}^P{U,n^l\U,n>Uth}^\%A^ l^^r'^ (2) 
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For the number of NC-UEs denoted as Unc, its distribution 
can not be straightforwardly obtained due to the proposed RS 
sleeping strategy, because the current NC-UEs consist of two 
parts, one is the UEs only covered by BSs, and the other is the 
UEs covered by the sleeping RSs. Let and [7™ denote 
the numbers of these two types of NC-UEs, respectively. The 
probability generating function (PGF) of U°^* is given by 
equation (2) in 
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and the distribution of U"^ and the corresponding PGF are as 
follows. 
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{l-Pon)Uth^. 

The number of UEs covered by each sleeping RS is inde- 
pendent and identically distributed (i.i.d.) with the same PGF, 
which is also independent of the distribution of Using 
the two theorems of PGF, i.e., the sum of independent random 
variables and the sum of a random number of i.i.d. random 
variables, we can obtain the PGF and probability distribution 
of WJl. as 
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Where = 



C. Spectrum Allocation and Usage 

The available spectrum for a cell is evenly divided into 
AI subchannels. We assume that RSs are given a separate 
frequency band from BSs for no cross-tier interference. Thus 
a partition (M^jM^) is made, where Af(, and are the 
available subchannels for BS transmissions and RS transmis- 
sions, respectively. Each BS (or RS) allocates its subchannels 
randomly and independently of other BSs (or RSs). We assume 
that each UE needs one subchannel for accessing the network, 
and when the number of UEs is larger than the number 
of currently available subchannels, they are served by time- 
sharing with equal time proportion. Thus, the probability that 
a subchannel is used by a BS (or RS) is 
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III. Analysis of Network Energy Efficiency 

In this section, we analyze the network EE of the proposed 
RS sleeping strategy. The energy efficiency in this paper is 
defined as the ratio of spectral efficiency to power consumption 
with unit bps/HzAV. Here we use the mean achievable rate to 
measure the spectral efficiency. Since the cellular network is 
homogeneous according to our model, the EE of the whole 
network is equivalent to that of an arbitrary Voronoi-cell. We 
first derive the mean achievable rates of both CO-UEs and 
NC-UEs in a cell and then present the expression of network 
EE. In order to make the theoretical expressions more concise 
and tractable, we set a — A. 

A. Nojj- Cooperative UEs 

The UE is served by occupying one of the subchannels 
available for the BS at a distance r with the transmit power 
Pb ~ Pb/Mi,. The received signal-to-interference-and-noise 
ratio (SINR) experienced by the UE is given by 71 = ^il^+a'^ ■> 
where = Yi^^^i ^^^^^P^giR''"' is the interference from the 
BSs occupying the same subchannel as the UE (excluding 
the serving BS itself which is denoted by 60), and R. is 
the distance between the UE and an interfering transmitter 
Then the coverage probability denoted as Pc^{Tu) is given by 
equation (14) in [4]: 



Pc^{Tu) = Pr{-fi > Tu) 

^K^{Tu)Pb 
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where Tu 



denotes the target SINR of UEs, Q{x) = 
J, ^ -y'^^dy, and K{T)=TTXb{l+Pbusy.bVTaict&nVT). 
It a UE is out of "coverage", i.e., its received SINR is less 
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than the target SINR, which means the UE fails to decode the 
message from the transmitter, thus no effective rate will be 
produced. Therefore, in order to obtain the mean achievable 
rate, we have to derive the probability distribution of 71 
conditioned on the UE being in "coverage". 



-Pr(7i<r|7i>T„): 



0, T<Tu 

; Pr(7i<T)-Pr(7i<T„) rj. rj. (H) 
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The conditional probability density fuction (PDF) ffi{t\^i > 
Tu) can be obtained by differentiating (fTTl i with respect to T. 
Then the mean achievable rate and the sum rate of NC-UEs 
in a macro-cell can be derived below. 
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B. Cooperative UEs 

For CO-UEs, we adopt the selection decode-and-forward 
(SDF) |6] as the transmission scheme without regard to the 
direct link. In the first phase, BS transmits the message to 
RS. If the RS decodes the message correctly, it will forward 
the message to the UE in the second phase, otherwise not. 
A typical RS is served by its closest BS at a distance r 
with transmit power Pi,r, and its received signal-to-noise ratio 
(SNR) is given by 72 = '^'"'^2 — ■ The coverage probability of 
a RS denoted by PcJ(Tr) is expressed as 

- Pr(72 > Tr) 





Similarly, the coverage probability and mean achievable rate 
of the CO-UEs, respectively denoted by P^J^Ty) and r^, are 
given directly due to the limited space. Thus, the sum rate of 
CO-UEs in a macro cell is obtained. 
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C. Power Model and Energy Efficiency 

We use the power consumption model in 101, which has two 
types, i.e., the pessimistic and optimistic models, depending on 
the traffic load L. In the optimistic model, L can vary between 
zero load and full load (_L = 0—100%), while in the pessimistic 
model, L is fixed at full load. The optimistic and pessimistic 
models for both BSs and RSs are respectively given below 



P^°{L)— 2A2LP^Pj^^^+0. 115 PRFrnax 



P^P — 2.85P^p,^^^ 



0.0121L+37 (18) 
557 (19) 



P™(L) - 2.42LP;,^„_ + 0.115P;j^„_ + 0.0121L 

+ iPRFmax/ PRFmax) ^ 37 (20) 
P^P — 2.85PJip^^^ + (PfiFmax/ PRFmax) ^ 557 (21) 

where for BS, L = Unc/Mb and for RS, L = Uc/Mr- Based 
on the power model above, we derive the average sum power 
consumption of both BSs and RSs as 
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where Uf/ represents the number of the RSs out of "coverage" 
and its corresponding intensity is denoted as A^ — Ar„(l — 
Pc^iTr))- Then according to the definition of network EE in 
1 4], we give the EE (denoted as Q) expression as follows 



(24) 
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TABLE I 

System Parameters 



Symbol 


Description 


Value 


Ab 


density of BSs 


10-=' BS/m-^ 




density of RSs 


10-* RS/m^ 




transmit power 


43dBrn/38dBm (BS/RS) 


M 


number of subchannels 


100 (A/6=80, A/r=20) 


Fir 


radius of RS 


20m 




Rayleigh fading parameters 


1 (normalized) 




noise power 


-120dBm 




SINR threshold of UE/RS 


1/1 
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J. (UEs/m^) 




Fig. 1. EE versus traffic intensities, i.e., Ai„ and Xon 



Fig. 2. Energy efficiency versus Uth with various stations intensities. 



IV. Simulation Results 



In simulations, the EE of a joint macro-relay network 
with traffic-aware RS sleep control is evaluated. The default 
configurations of the system model are indicated in Table U 

Fig. [T] compares the EE of two joint macro-relay networks, 
one with RS mode switching and the other with RS always 
on, under various traffic intensities reflected by both Am and 
Xout for Uth — 3. The simulation results match the analytical 
results well, thus corroborating the accuracy of our theoretical 
analysis. It is observed that as Ai„ increases, the EE curves 
with sleep control exhibit a double-convex shape and the 
optimal value of EE occurs in the early stage, which shows 
the absolute advantage and effectiveness on EE improvement 
of the proposed strategy compared with the curves with non- 
sleep control in the low traffic cases. In addition, the EE 
goes up with the increasing of Xout, but the shape of the 
curve is essentially unchanged. The reason should be that 
the BSs are always on which makes the power consumption 
constant, then serving more NC-UEs means obtaining higher 
mean achievable rate, thus the EE is improved. 

Fig. ID depicts how the traffic threshold Uth affects the EE 
with various densities of both BSs and RSs for Xout = 10~^, 
Xin = 10^^. All curves with RS sleep control are convex, 
where each of them has its own Uth corresponding to the 
optimal EE and a certain range of Uth with better EE than 
that with non-sleep control. Furthermore, the effect of stations 
densities on EE should not be ignored. Comparing the curve 
marked by "o" with that marked by "x", although both of 
the two curves have almost the same optimal value of EE, the 
former has better EE for Uth < 9 while the latter has better EE 
for Uth > 9, which is closely related to the number of RSs 
switched off, the usage of the subchannels in each BS, and 
the traffic intensities. Meanwhile, the EE of the curve marked 
by "o" is the worst. The reason should be that the stations 
densities in this case are excess for the current traffic load and 
large numbers of subchannels keep idle while the power is 
still consumed due to the stations switched on, which results 
in the decrease of the EE. 



V. Conclusions 

In this letter, we have studied the EE of a joint macro-relay 
network with densely deployed RSs and dynamically varied 
traffic load. An energy-efficient strategy is proposed by smartly 
switching the RS working modes according to the traffic 
variation to improve the EE during low traffic periods. With the 
aid of stochastic geometry theory, we analyze the network EE 
including the mean achievable rates of both NC-UEs and CO- 
UEs and the network power consumption. Simulation results 
verify the theoretical analysis, demonstrate the significant EE 
improvement brought by the proposed strategy and indicate 
which threshold should be selected in order to maximize 
the EE and how the traffic intensities and stations densities 
affect the EE, which are very important for designing green 
communication networks. 

References 

[1] V. Bliargava and A. Leon-Garcia, "Green cellular networks: A survey, 
some reseai'ch issues and challenges," in Communications (QBSC), 2012 
26th Biennial Symposium on. IEEE, 2012, pp. 1-2. 

[2] H. Kim and G. De Veciana, "Leveraging dynamic spare capacity in 
wireless systems to conserve mobile terminals' energy," IEEE/ACM 
Transactions on Networking (TON), vol. 18, no. 3, pp. 802-815, 2010. 

[3] S. Zhou, A. Goldsmith, and Z. Niu, "On optimal relay placement and 
sleep control to improve energy efficiency in cellular networks," in 
Communications (ICC), 2011 IEEE International Conference on. IEEE, 
2011, pp. 1-6. 

[4] N. Deng, S. Zhang, W. Zhou, and J. Zhu, "A stochastic 
geometry approach to energy efficiency in relay-assisted cellular 
networks," accepted by (GLOBECOM 2012), IEEE. [Online]. Available: 
http://home.ustc.edu.en/~ ndeng/DENG_Globecom_Relay.pdf 

[5] M. Haenggi, J. Andrews, F. Baccelli, O. Dousse, and M. Franceschetti, 
"Stochastic geometry and random graphs for the analysis and design of 
wireless networks," Selected Areas in Communications, IEEE Journal on, 
vol. 27, no. 7, pp. 1029-1046, 2009. 

[6] J. Laneman, D. Tse, and G. Womell, "Cooperative diversity in wireless 
networks: Efficient protocols and outage behavior," Information Theory, 
IEEE Transactions on, vol. 50, no. 12, pp. 3062-3080, 2004. 

[7] C. Khirallah, J. Thompson, and H. Rashvand, "Energy and cost impacts 
of relay and femtocell deployments in long-term-evolution advanced," 
Communications, lET, vol. 5, no. 18, pp. 2617-2628, 2011. 



